Proper chromosome segregation in mitosis requires tethering of spindle microtubules to the kinetochore. Using electron tomography of mammalian cells, McIntosh et al. (2008) now report the presence of fibrils that connect the inner kinetochore to the curved protofilaments at microtubule ends, suggesting a new model for force generation in chromosome movement.
Modification of substrates with ubiquitin (Ub) and ubiquitin-like (Ub-like) proteins, such as Nedd8 and SUMO, regulates a broad array of cellular processes by controlling the degradation, activity, and subcellular localization of key regulatory proteins. Ligation of Ub and Ub-like proteins to substrates generally requires a three-enzyme cascade that includes an E1-activating enzyme, an E2-conjugating enzyme, and an E3 ligase. The cullin-RING ubiquitin ligases (CRLs) comprise the largest class of E3 ligases and function at the final step mediating ubiquitin transfer from the E2 to the substrate (Figure 1) . At the catalytic core of these multisubunit E3 complexes are a cullin family protein (Cul-1, 2, 3, 4A, 4B, and 5) and a RING domain-containing protein Rbx1 or Rbx2. Rbx1 uses its RING domain to recruit a ubiquitin-charged E2 (Ub?E2) to the C terminus of the cullin scaffold, while the elongated N terminus of the cullin protein binds an adaptor protein that links the substrate receptor to the E3 complex. Although the structures of a number of CRL complexes have been solved (Zheng et al., 2002 , Goldenberg et al., 2004 , Angers et al., 2006 , the mechanism by which Ub is transferred from the E2 to the substrate remains elusive. Findings reported in Cell (Duda et al., 2008) and Molecular Cell (Saha and Deshaies, 2008) shed new light on the structural basis underlying this final step of ubiquitin transfer.
The models of CRL available prior to these reports include a perplexing ?50 Å gap between the substrate receptor and the E2 docked to the Rbx1 RING domain ( Figure 1A ). Furthermore, with the addition of each Ub molecule, the distance and catalytic geometry between the distal end of the growing poly-Ub chain and the E2 active site is expected to change. Hence, it has been unclear how the E3 machinery facilitates substrate ubiquitination across this large and ever-changing gap.
The answer to this puzzling question has now come from an understanding of how CRLs are activated by the Ub-like protein Nedd8. Sharing more than 50% sequence identity with Ub, Nedd8 modifies a conserved lysine in the C-terminal domain of all cullins. Nedd8 conjugation (neddylation) of cullins is known to enhance the E3 activities of CRLs and prevent the CRL inhibitor CAND1 ( Cullin-Associated Neddylation-Dissociated 1) from binding to the E3 scaffolds. It has been suggested that Nedd8 stimulates SCF, the prototypical CRL, by increasing the affinity between Ub?E2 and Rbx1 (Kawakami et al., 2001 ). Using in vitro-reconstituted SCF systems with highly purified components, Saha and Deshaies (2008) show that neddylation in fact has a much broader range of effects on SCF, from helping recruit Ub?E2 to Rbx1 to bringing the Ub?E2 in closer proximity to the substrate. Neddylation of SCF even stabilizes the transition state of the growing
A Ubiquitin-like Protein Unleashes Ubiquitin Ligases
Modification of cullin-RING ubiquitin ligases by the ubiquitin-like molecule Nedd8 promotes substrate ubiquitination. A crystal structure of a cullin modified by Nedd8 recently reported in Cell (Duda et al., 2008 ) and a biochemical study in Molecular Cell (Saha and Deshaies, 2008) reveal the dramatic impact on the ligase machinery by conjugation of ubiquitin or ubiquitin-like proteins. It has striking features that if known beforehand would deter most protein crystallographers. The structure shows that Nedd8 conjugation induces a major conformational change in the Cul5 C-terminal domain that not only eliminates a binding site for the CRL inhibitor CAND1 but also completely displaces the E2-binding RING domain of Rbx1 from the cullin. In two nonidentical crystallographic forms of the complex, the Rbx1 RING domain escapes its binding pocket on the cullin C-terminal domain and becomes flexibly linked to the CRL scaffold like a balloon on a string. An N-terminal β strand of Rbx1 is embedded in the cullin C-terminal domain through an intermolecular β sheet that serves as the anchor for the E2-binding subunit on the ligase machinery ( Figure 1B) . Without any direct contact with the cullin protein, the Rbx1 RING domains in the two crystallographic forms are also positioned differently relative to the cullin protein. Together, these features suggest that upon cullin neddylation, Rbx1 and the Ub?E2 docked to it could be juxtaposed more closely to the substrate's target lysine and adopt multiple orientations that would allow them to accommodate a growing polyUb chain.
To confirm the dramatic structural observations made from the crystals, the authors also report that Nedd8 induces similar conformational changes in Cul1-Rbx1 of SCF. Using small-angle X-ray scattering measurements, disulfide engineering, and proteolytic mapping, they show that the neddylated Cul1-Rbx1 adopts an extended open conformation relative to its unmodified counterpart, irrespective of whether the complex includes full-length Cul1 or only its C-terminal domain. The authors further suggest that liberation of the Rbx1 RING domain from the cullin C-terminal domain is the major structural basis for Nedd8-induced enhancement of CRL E3 activity. Deletion of the extreme C-terminal portion of Cul1, which makes extensive contacts with Rbx1 in unmodified cullins and is relocated upon Nedd8 modification, enhances poly-Ub chain assembly even without Nedd8. Interestingly, in an independent study, Pan and colleagues performed similar experiments and drew the same conclusion (Yamoah et al., 2008) . Lastly, mutational studies on the linker of Rbx1 that connects the RING domain to the N-terminal anchor reveal the importance of linker flexibility for CRL activity. If the Rbx1 linker is too short, then the cullin cannot be efficiently neddylated. If the linker is too long or has reduced flexibility because of proline mutations, then polyubiquitination is reduced. These experiments highlight the importance of structural malleability for proper functioning of the ligase machinery.
Although this study has closed a major gap in our understanding of CRLs, we are still far away from a complete appreciation of the ubiquitination process. One caveat of the reported structure is the lack of the cullin N-terminal domain, which makes important contacts with the C-terminal domain and could potentially contribute to CRL activity. The cullin N-terminal domain recruits adaptor proteins that bind substrate receptors, which are also involved in the regulation of CRLs. Dimerization of some CRL substrate receptors enhances efficiency of substrate ubiquitination (Tang et al., 2007 , Hao et al., 2007 . Also, substrate-bound CRLs are found to be disproportionately neddylated in vivo (Read et al., 2000) , suggesting a connection between substrate binding and cullin neddylation. It remains unknown whether Nedd8 modification of the cullin C-terminal domain would induce any conformational change in the N-terminal domain, and vice versa. An equally important question is how free the Rbx1 RING domain is to move once it is released from the cullin C-terminal domain by Nedd8, especially when Ub?E2, substrate, and a growing ubiquitin chain are present. Does the linker connecting the Rbx1 RING domain and its N-terminal cullinanchoring sequence allow the former to sample all spatial points in a defined volume surrounding the CRL, thereby mediating the transfer of ubiquitin to all possible acceptors? Or does it facilitate the transition of the Rbx1 RING domain among discrete positions to build a polyubiquitin chain? To this end, it is intriguing that the linker sequence of Rbx1 is highly conserved from yeast to human and rich in branched hydrophobic residues, suggesting that it has important functions beyond providing a simple flexible linkage. Although previous structural studies of the RING-type ubiquitin ligases recognized the importance of the E3 enzymes to function as overall rigid scaffolds to bring together the substrate and the E2, future studies will likely depict the multiple intricate steps of substrate polyubiquitination enabled by the intrinsic flexibility of this enzymatic system. Finally, how pervasive are the effects of ligation by Ub-like proteins? Given the prevalence of both protein ubiquitination and phosphorylation, the two posttranslational modifications are often compared. Just as the phosphate group can alter the enzymatic activities of both kinases and their substrates, ubiquitin and Ub-like proteins could dramatically change the conformation and activities of ubiquitin ligases and their targets. Nedd8, which has a size similar to that of a small protein domain, clearly showcases the ability of ubiquitin and Ub-like proteins to reshape large protein assemblies. Chromosome segregation is one of the more aesthetically pleasing processes in cell biology. Dynamic microtubules collide with chromosomes until chance encounters at the centromere initiate a cascade of reactions that lead to robust attachment of microtubule plus ends to the kinetochore. How this assembly harnesses energy from microtubule dynamics into directed chromosome motion is an area of active investigation. Chromosome segregation presents the following problem: How does one microtubule-a hollow protein tube 25 nm in diameter and several microns long-attach to the chromosome, a DNA structure that is 2 nm in diameter but nearly 1 m in length in humans, to exert force and ensure segregation fidelity during cell division? McIntosh et al. (2008) now present images obtained by electron tomography revealing the presence of fibrils connecting the curved protofilaments at microtubule ends to the inner kinetochore. These findings suggest a new model for the attachment of microtubules to kinetochores and for the mechanism of force generation in chromosome movement.
Influential insights into the attachment of microtubules to kinetochores came from Terrell Hill, who proposed that the microtubule is inserted into a sleeve or channel within the kinetochore (Hill, 1985) . In this model, the end of the microtubule is free to gain and lose subunits given its accessibility to the solvent phase in the sleeve. Since then the field has been in search of sleeves or rings that fit this proposed structure. To the field's great satisfaction, the Dam/Dash complex of yeast was found to form rings in vitro (Westermann et al., 2006; Miranda et al., 2005) (Figure 1 ). Yet, it has been surprisingly difficult to demonstrate whether the Dam/Dash complex forms rings in vivo. In addition, in several other organisms, this complex has either not been found or is not abundant enough for ring formation (Joglekar et al., 2008) .
The by electron tomography and show that the plus end is not a linear assembly of 13 protofilaments, as once thought. Instead, the protofilaments are curved at the growing and shortening plus ends. This curvature expands the diameter of the plus end (from 25 to ~35 nm), thus increasing the surface area available for interactions with kinetochore proteins. Indeed, McIntosh et al. find 2-4 nm filaments that connect to the bent tips of these curved microtubules. They propose that these end-on attachments can do mechanical work. From this emerges a new model that couples energy from the shortening of microtubules to chromosome movement. This model also suggests that attachment to the kinetochore is not mediated by a sleeve around the microtubule but rather through fibrils connected to the inside of the microtubule.
How does the existence of 2-4 nm filaments fit within the known structural information of the kinetochore and its interaction with chromatin? The kinetochore is comprised of 65-70 different proteins whose stoichiometries within the com-
